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Abstract 
This paper analyzes the effect of Green Service Level Agreement (GSLA) on resource efficiency and emission reduction of 
wavelength-division multiplex (WDM) optical networks governed by Generalized Multi-Protocol Label Switching (GMPLS). 
Green routing mechanisms may use more resources in serving equal number of connection requests in optical networks, which 
makes them less favorable for Internet and infrastructure providers. This work shows that the usage of green and hybrid routing 
mechanism is in fact more resource efficient than using traditional non-green routing methods by simply choosing the greenest 
route. The amount of greenness of routes in optical networks is requested through GSLA mandating service providers to provide 
routes for connection requests that are being powered ON by at least certain amount of green energy such as solar energy. 
© 2015 The Authors. Published by Elsevier B.V. 
Peer-review under responsibility of the Conference Program Chairs. 
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1. Introduction 
The effect of Greenhouse Gases (GHGs) such as Co2 on global warming and formation of acidic rain has been in 
the center of attention very well for two decades now. According to the study in1, energy needed to operate the 
world’s largest network, Internet, is about 2% in data centers, excluding energy needed to power up all the 
underlying optical networks and networking equipment. This means at least 2% of the global GHG emission, in 
production of the electricity needed to power up networks, if no green source of energy is used. Various methods in 
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different industries have been proposed to reduce the amount of energy emissions and have greener operation. 
Among other industries, IT and communication industries have also proposed many ideas to reduce the amount of 
GHGs in effort to develop green methods and protocols, hence the name Green Networks. 
 
One of the most important recent agreements among industrial countries such as the U.S. and China to reduce the 
amount of emissions (GHGs) by using green sources of energy and suspending non-green operations is detailed in2. 
The agreement between the US and China2 sets goals on GHG emission reduction by all means in these two 
counties. The set goals will push governments to mandate industries to adhere some guidelines in operation to 
reduce the amount of GHGs and pollution of environment. There are also many federal and provincial programs to 
reduce the amount of GHGs in some countries such as the emission reduction program in province of Alberta, 
Canada, as illustrated in3. Assuming the IT as industry, this agreement will also include IT businesses. There are two 
main and general methods to reduce the amount of GHGs: one is to use more energy efficient devices and 
equipment, and the other is to use the green sources of energy. The second method has more importance, as 
lowering the energy used in operation beyond some point will reduce the amount of operation. In short, we need 
more of the green energy. There are two main methods to regulate the reduction in emission adopted by some 
countries that are basically financial incentives for the reduction of emission by organization that participate in the 
emission reduction program. The first method is Caps Trading discussed in4 and the second is Carbon Tax presented 
in5 and6. The first method is the fixed cap for the GHG emissions of an organization meaning that an organization 
which needs to emit more GHG must purchase the right to produce and emit more GHGs form another organizations 
that will produce less GHGs emissions. Employing this method, greener organizations can have more income by 
selling a part of their cap. The second method is to set higher taxes on Carbon based sources of energy. With this 
approach, greener organizations pay less tax on energy produced by using green sources of energy. In this work, 
organizations are customers of Internet and Infrastructure Providers (service providers) who want to outsource the 
communication infrastructure and possibly require a dedicated resource form service provider based on information 
in7. These organizations require as green as possible routes between different sections of the organization to reduce 
the amount of emission. This means customers will set Green Service Level Agreements (GSLA) on their requests 
to service provider, to request a greener resource, up to percentage indicated in GSLA. One challenge in using the 
green energy in IT industry and networking is to know which segments of networks are powered ON by green 
sources of energy. The other challenge is how to use information about green sources of energy powering up each 
section of networks to direct the flow of data from a given source to any destination using green section of the 
network leaving the non-green sections in hibernation or power OFF state. These challenges have been addressed by 
introducing green and hybrid routing mechanisms in8 and9, at the cost of having higher resource utilization 
compared to non-green methods, explained in more details in next section. To provide customers with a route that 
meets the requirements of the GSLA, service providers may choose to use a green routing mechanism or may 
choose to continue using traditional non-green routing mechanisms and select the greenest route that meets the 
GSLA to avoid the higher resource utilization (higher average length of routes). However, as illustrated in this work, 
the usage of non-green mechanisms may actually increase the resource utilization and also result in an unacceptable 
amount of reduction in emission. This work is organized as follows: Section 2 details the related work in the field of 
green networking; Section 3 introduces the GSLA for green optical networks. Section 4 reveals the simulation setup, 
important metrics and also discusses the obtained simulation results. Section 5 draws the conclusion and states the 
future work. In this paper, customers requiring connections, send a “Connection Request” to service provider to get 
a route connecting their source nodes (site) to destination nodes. 
2. Related Work 
2.1. Hybrid Emission aware and SLA Based Routing Mechanism (EASB)  
EASB introduced in8 uses a hybrid metric in finding the best route for connection requests. This method first 
calculates the “k” most available routes between source and destination of the connection request and then calculates 
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a hybrid metric for each route, which is the combination of the route length in hops and the logarithmic value of Co2 
emission in electricity generation to power ON the optical section of the route. This method, hence the name of 
hybrid, reduces the amount of emission while maintaining an acceptable amount of resource utilization. Resource 
utilization in this work and in8 is a measure of how far (average in hops) are routes in the service provider network. 
The shorter or lower the average, the better resource utilization and the less cost for service providers, as it can 
conserve resources (wavelengths or Lambdas) to serve more potential connection requests. This method has been 
reconstructed in the simulation part of this work for comparison. 
2.2. Energy Efficient Routing Mechanisms and Energy LSAs 
The papers discussed in9 and10 have proposed a new type of opaque Link State Advertisement (LSA) originally 
defined in11 to disseminate the information about the type of energy powering up each link across the link state area. 
The new LSA are then used with a routing mechanism which finds the most energy efficient route between a given 
source destination pair of nodes, (S,D). The LSA proposed by these papers have been used in this work to form a 
database of energy types for links of the simulated network. These are the information that service provider may 
uses to determine the greenest of a route among all calculated routes when no green routing mechanism is used. The 
reconstructed routing mechanism of these papers has also been used in the simulation part of this work as baseline 
for emission reduction and as the lower bound of emission of optical networks. 
2.3. Link Availability as Link Cost 
The paper presented in12 has proposed the logarithmic form of the link availabilities (e.g. 0.999 or 0.9999) as the 
link cost and has suggested a routing mechanism that finds a route that has lowest of this cost, which is the most 
available route between a source and destination pair (S,G). This routing mechanism has also been reconstructed in 
simulation part with k most available routes. This method is a traditional and non-green routing mechanism and it is 
used to set the upper bound of the amount of emission of optical network detailed in simulation section. 
2.4. Optical Link Parameters 
The authors in13 use an optical regenerator every 80 km in the optical link of the GMPLS networks, connecting 
two adjacent nodes. For example, an 800 km link would use 10 regenerators (8 regenerator + 2 linecard interfaces). 
3. Green SLA routing mechanism for Green Optical Networks 
SLAs are agreements between customers and providers to communiacte the requirments of customers. Based 
on general defination of green SLA in14, GSLA for optical networks would mean that customers demand the service 
provider to provide a route in networks that consumes more than certain percentage of green energy. As mentioned 
in the intorduction of this paper, service providers may choose to continue using triditional and non-green routing 
mechanisms† and then select the greenest route (first scenario), since based on the results illustrated in8 and10 green 
and hybrid routing mechanisms simply need more resources in terms of available number of wavelengths. In other 
words, routes computed by green and hybrid rouning mechanisms are longer on average trying to bypass the non-
green sections, requiring more number of wavelength (one wavelength per hop). Some other service providers may 
actually decide to use green and hybrid routing mechanisms (second scenario) since they have been investing in 
green resources and green technology and are commited to reduce the GHG emissions. This work simulates the 
effect of enforcement of green SLA for optical paths of the GMPLS networks in both scenarios. The analysis 
performed in this work demonstrates differences in levels of various performance measures detailed in Section 4. 
Now, the only question to answer is : how one can come up with a numerical percentage for greeness of a particular 
 
 
† In this work routing refers to the first step of serving a connection request as finding a proper route, which followed by the second step, the is 
Resource Assignment (RA) for the computed route. 
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route? The answer is: as mentioned in Section 2.4, optical links need a renarator every 80 km (in this work) 
therefore each optical link consumes energy as oppose to cupper and passive links. When a link is powered with 
green source of energy the number of regenerators (e.g. 10 in total for a 800 km link) are considered as geen. For a 
route with a number of links and a total number of regenerators which is sum of the number of all regenerators of 
links of the route the greenness is defined as total number of green powered regenerators over total number of 
regererators of the route. For example if a route has 24 regenerators and in total 8 of them are powered by green 
source of energy then the route is 33% green. With the greeness percentage requested by customer in GSLA, if the 
requiement is the minimum of 20% greenness for a route connecting source node to destination node, the provided 
route by service provider which is less than 20% green (e.g. 19%) is rejected by customer and if no other route 
exists the request is blocked. Next section details the simulated network and various perfomance mesures and their 
levels affected by enforcment of green SLA. 
4. Simulation 
4.1 Simulation Network 
The simulation testbed is the network of the NSFNet shown in Figure 1 with 14 nodes and 21 bidirectional links. 
The numbers on the links represent the distance between nodes in km. The network consists of two layers of data 
and control plane of the GMPLS networks. The regenerators of the optical links amplify the entire “C band” (based 
on15) and therefore are considered either ON of OFF with no intermediate value for energy used. The data plane has 
96 available to assign wavelengths or Lambda in WDM fashion without the continuity constraint based on analysis 
in16. The availability of the optical links is randomly assigned a number from (0.999 to 0.99995) and is assumed 
constant for entire simulation. Two types of the energy source can randomly turn ON the links of the network and 
the type of energy is randomly reassigned again for all links every 6 hour of the simulated time, which is called 
emission topology change8. The two types of energy sources are green source of energy with 0 gCo2/ kWh and coal 
with 880 gCo2/kWh according to work in15. Arrival of the connection requests for both scenarios of section 3 is a 
Poisson process and follows exponential distribution with arrival rate of 10 connections per hour. Duration or hold 
time of the connections also follows the exponential distribution with mean of 10 hours. The traffic load in units of 
Erlang is defined as product of arrival rate and duration of the connection according to information in17. The 
requested availability by requests ranges (0.99 to 0.9995) and the “Greenness” in GSLA required by connection 
request rages between 10 to 20 percent. 
 
 
Fig. 1 NSFNet Network 
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4.2 Performance Metrics and Reconstructed Mechanisms 
Green SLA in this work is to be added to the reconstructed EASB discussed in Section 2.1 to have GSEASB that 
considers route availability and green SLA as SLAs to be met. GSLA has also been added to the reconstructed k 
most available non-green method (KSB) elaborated in12 that only considers route availability as SLA to end up with 
GSKSB (used in Scenario 1) to analyze the effect of GSLA on this non-green routing method. GSKSB just like 
GSEASB considers green SLA and also availability SLA as SLAs to be met when providing customer with a route. 
Energy Efficient mechanism (EE) of section 2.2 has also been reconstructed as base line for emission reduction. All 
routing mechanisms (EE, EASB, GSEASB, KSB and GSKSB) of the performance analysis section of this paper 
have been simulated and benchmarked for three performance metrics. The first metric is the resource efficiency, 
which is average number of lambdas (route length in hops). Depending on the routing mechanism used, this value 
may be different, and the lower the value for this metric, the more preferable option for service providers. Higher 
average for this metric means that more wavelength must be provisioned on average to establish certain number of 
the lightpaths for the routes in WDM optical networks. The second metric for reduction is emission in terms of 
average gram Co2 per unit resource lambda, which is emission in power generation to turn on regenerators of the 
link. This parameter determines how green sections are used. The lower the average emission, the more green 
sections used in the optical networks. The lower value is preferred for this parameter. We will see that this 
parameter is inversely proportional to the first metric. The third parameter is the success rate in serving connection 
requests, which is the ratio of number of served connections over total number of connection requests. Since SLAs 
must be met to assign a route for a connection request, some requests may be blocked because there may not be any 
route that satisfies the SLA(s) of the connection request. The other reason to decrease the success rate is the fact that 
optical network may be overwhelmed by huge number of requests and run out of resources or available to assign 
wavelengths (lambdas). EE is an exception with no SLA requirement as per original paper. EASB and KSB only 
consider availability SLA, and GSEASB and GSKSB consider route availability and green SLA. EE and EASB are 
used in scenario 2 as mentioned in Section 3. 
4.3 Results 
Figure 2 shows the results of simulation for reduction in emission with two limits: The KSB as non-green method 
with highest emission per unit resource on top and the EE (as expected) as the lowest/greenest method among all 5 
methods in the figure. As seen in this figure, considering the GSLA for route selection can reduce the average 
emission per unit resource for KSB and EASB by about 10% of steady state value. However 10% reduction in 
emission is not even comparable to the 25% reduction by using EASB as hybrid method instead of KSB for routing. 
This signifies the importance of development of the green or hybrid routing methods. The addition of GSLA to 
EASB and KSB could reduce the amount of emission however it introduces a significant increase in resource 
utilization, as seen in figure 3. In Figure 3, EE, as expected, has the highest resource utilization as the upper bound, 
and the KSB has the lowest resource utilization among all 5 routing methods. It is important to note that addition of 
GSLA to EASB and KSB increased the resource utilization by almost 30% in both scenarios. Therefore, the 
reduction in emission shown in Figure 2 by using GSLA increases the cost of service providers, as the average 
amount of resources (lambdas or wavelengths) is increased. A 30% increase in resource utilization is definitely not 
desirable and may or may not be acceptable for service providers. EASB as hybrid green method presents more 
acceptable resource utilization with noticeable reduction in emission, so once again developing green methods has 
higher importance than just using green information by GSLA aware systems. For completing analysis, the success 
rate in serving the total number of connection requests was also analyzed in Figure 4, which shows roughly the same 
success rate for all routing mechanism. In this figure EE method has 100% success, as it does not consider the link 
availability SLA or GSLA per original paper. Figure 5 has the similar purpose as Figure 4 for displaying the success 
rate; however this graph presents the success rate for the GSEASB with requested GSLA ranging from 10 to 80 
percent compared to 10 to 20 percent scenario. As seen in this figure, by just increasing the maximum of 20% to 
80%, the success rate drops significantly by almost 14% in a network that has random assignment of green energy 
resources. Therefore it is evident that to be able to accommodate a greener request with GSLA of up to 80%, there is 
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a need for higher number of green sections in the network that means more investment and planning for green and 
renewable energies.  
  
  
Fig. 2 Average emission per unit resource Fig. 3 Average connection length 
  
Fig. 4 Success rate Fig. 5 Success rate for higher caps SLA value 
 
5. Conclusion and Future Work 
In this work, the addition of Green SLA to existing green and non-green mechanisms was analyzed and 
determined that it is possible to reduce the average amount of emission per unit resource Lambda of the optical 
networks. However, this reduction comes at the cost of higher average resource utilization due to longer routes for 
the same requests. This work signified the importance of developing green aware routing methods for better 
reduction in GHG emissions while maintaining the acceptable resource utilization compared to traditional and non-
green methods. It was also concluded that to accommodate requests that have higher demand for green resources 
more green sections or more green resource must be available and invested to avoid significant drop in success rate.  
Future work will analyze the effect of adoption of GSLA on the simulated metrics with variable link availability and 
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needing for rerouting and re-provisioning of lightpaths in case of link availability change. The analysis will be 
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